Molecular simulations reveal that a short helical loop regulates thermal stability of type I cohesin-docker in complexes by Gunnoo, Melissabye et al.
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.
Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.
You can find more information about Accepted Manuscripts in the 
author guidelines.
Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 








Darya Radziuk and Helmuth Möhwald
Ultrasonically treated liquid interfaces for progress in cleaning and 
separation processes
Volume 18 Number 1 7 January 2016 Pages 1–636
PCCP
Physical Chemistry Chemical Physics
View Article Online
View Journal
This article can be cited before page numbers have been issued, to do this please use:  M. Gunnoo, P. A.
Cazade, E. Bayer and D. Thompson, Phys. Chem. Chem. Phys., 2018, DOI: 10.1039/C8CP04800B.
1
Molecular simulations reveal that a 
short helical loop regulates thermal 
stability of type I cohesin-dockerin 
complexes
Melissabye Gunnoo,1 Pierre-André Cazade,1 Edward A. 
Bayer,2 Damien Thompson1*
1Department of Physics, Bernal Institute, University of Limerick, V94 T9PX, Ireland
2Department of Biomolecular Sciences, Faculty of Biochemistry, Weizmann Institute 
of Science, Rehovot, 76100, Israel 
* Correspondence to: damien.thompson@ul.ie
Glossary

























































































The cellulosome provides a fully worked out example of evolved radical nanotechnology. Improved 
understanding, and first steps toward re-engineering this biological nanomachine, is providing 
design rules for the formulation of advanced synthetic materials that can harness molecular 
flexibility and sticking interactions for applications in clean energy, environmental monitoring, and 
miniaturized devices. Computer simulations provide atomic scale insights into the mechanical 
stability of the component protein units, flexibility of short peptides that tether the units into 
scaffolds, and thermodynamic stability of protein-protein and protein-carbohydrate complexes, 
complementing and in some cases directing experiments. In the present work, a systematic 
computational study of cohesin-dockerin pairs, the strongly-bound protein complexes that glue the 
cellulosome nano-architecture in place, reveals that a short alpha-helix in the middle of the smaller 
dockerin protein becomes disordered at elevated temperatures and weakens cohesin-dockerin 
binding in mesophilic species. In thermophilic species, a more extensive and more thermally 
resistant H-bond network ensures the structure remains ordered at elevated temperatures of up to 
400K. The simulations predict that simply grafting the most crucial eight-residue peptide sequence 
into the mesophilic complex can, for one species and one of two possible binding modes, potentially 
create a new thermally resistant complex, providing leads for future experiments to re-engineer 
designer cellulosomes that can withstand elevated temperatures and so provide clean, renewable 
biocatalysts.
Introduction
One of the most efficient means of cellulose degradation in nature uses a multi-enzyme complex 
named the cellulosome. Cellulosomes consist of a non-catalytic ‘scaffoldin’ subunit that hosts 
multiple enzymes using complementary recognition modules termed ‘dockerin’ and ‘cohesin’. 
Strong, specific cohesin and dockerin (Coh-Doc) interactions are essential for cellulosome assembly 
and catalysis. The dockerin module can adopt two possible orientations that differ by ~180O rotation 

















































































on the cohesin surface, and the resulting dual binding mode1-6 is believed to increase the 
conformational space available to the densely packed enzymes and thus facilitate substrate 
recognition within the cellulosome.2, 7
Elevated hydrolysis temperatures >50oC significantly enhance industrial scale lignocellulose 
degradation8-10. Thus, thermostable enzymes are required to withstand the harsh process conditions 
during saccharification-fermentation and consolidated bioprocessing.11 Thermostable enzymes offer 
several advantages in the hydrolysis of lignocellulosic biomass: reduced microbial contamination 
risks, reduced viscosity, faster mass transport, shorter incubation time, and enhanced evaporation of 
volatile products such as ethanol.12-14 Thus, carrying out the hydrolysis at higher temperature 
improves performance and decreases costs. 
A wide variety of thermophilic fungi and bacteria produce cellulases, but currently only two 
thermophilic cellulosome-producing species have been characterized extensively: Clostridium 
thermocellum15 and Clostridium clariflavum16, 17. The remaining known cellulosomes are from 
mesophilic microorganisms which limits their applications because the stability of the mesophilic 
cohesin-dockerin complex is significantly decreased at elevated temperatures.18 This is in issue for 
rationally engineered mini-cellulosomes, so called designer cellulosomes (DC),19 aimed at efficiently 
degrading cellulose to produce bioethanol and other precursors for fine chemistry. Indeed, the 
library of available cellulosome sub-components (dockerins, cohesins, cellulases, together with their 
carbohydrate-binding20, 21 and linker22 modules) will be drastically reduced if one only focuses on the 
few thermophilic species.
Herein we investigate the conformational and dynamic factors that govern the thermal stability and 
the binding affinity of cellulosome type I Coh-Doc complexes from three different species: one 
thermophilic (Clostridium thermocellum) and two mesophilic (Acetivibrio cellulolyticus and 
Clostridium cellulolyticum).  These structures were selected based on the availability of high-
resolution crystal structures and as they were used in to build a DC by our experimental partner. 

















































































Using atomic resolution molecular dynamics (MD) models, we measure the stability of each complex 
in their dual binding modes at room temperature (300K) and at elevated temperatures of 325K, 
350K and 400K, using potential of mean force (PMF) simulations to calculate the free energies of 
Coh-Doc binding.  
Materials and methods
Overview of the simulated systems 
High-resolution crystal structures of all Coh-Doc pairs were retrieved from the Protein Data Bank: A. 
cellulolyticus (ID: 4UYP23), C. cellulolyticum (ID: 2VN63). For C. thermocellum, Coh and Doc structures 
were retrieved separately as the pair used were not resolved together (ID: 1ANU24 and 2MTE25). For 
A. cellulolyticus, mutations I51S/N52I in the dockerin 4UYP PDB file were changed back to the WT 
sequence. Similarly, in the PDB structure used for C. cellulolyticum (2VN6), mutations A16S/L17T in 
the dockerin were also mutated back to WT. When not available in the PDB, the structure of both 
binding modes was modelled using the solved dual binding modes of C. thermocellum Coh-Doc as 
templates, i.e., 1OHZ26 for the main binding mode (I) and 2CCL1 for the second and less frequent 
binding mode (II). This was achieved by a best fit of the conserved sequence between the system of 
interest and the template. Fig. 1 shows the two Coh-Doc binding modes and details of the model 
building and simulation protocols are presented below.
Description of the simulated systems
The simulation cells were named after the cellulosome type, followed by the binding mode and then 
the temperature at which the molecular dynamics were calculated (for example, ac_I_300 is for the 
Coh-Doc pair in A. cellulolyticus, in binding mode I at 300 K). All simulations and their sampling 
lengths are listed in Table S1. 

















































































Atomistic molecular dynamics simulations 
All MD calculations were performed using the GROMACS 5.1 code27 with the CHARMM36 protein 
force field28-32 and TIP3P water model.33 Periodic boundary conditions were employed in all 
directions using simulation cell sizes of 130 x 130 x 130 Å with the complex fully immersed in bulk 
water. Dockerins contain two calcium ions as identified in the PDB crystal structures. Simulations 
were performed at physiological conditions of pH=7.4 with background ion concentration of 137 mM 
NaCl, 2.7 mM KCl, and 10 mM CaCl2 (in addition to the two ordered dockerin-bound calcium ions).
The Lennard-Jones interactions were cut off at 1.0 nm, and the particle mesh Ewald method34 was 
used to calculate electrostatic interactions with a real space cut-off at 1.2 nm. The length of each 
covalent bond to hydrogen was constrained using the LINCS algorithm35 which allowed an 
integration time step of 2 femtoseconds. Simulations were carried out at 300 K to simulate room 
temperature conditions and also at elevated temperatures of up to 400 K, controlled using a velocity 
rescaling thermostat.36 The reference pressure was set to 1 bar and compressibility to 4.5 x 10-5 per 
bar using the Parrinello-Rahman barostat.37 The coupling to the isotropic pressure reservoir was 
implemented every 5 ps. The starting structures were minimized using the steepest descent 
algorithm, then thermalized and equilibrated in three steps with gradually increasing temperature, 
each for 100 ps. Each complex was then modelled for 500 ns of free molecular dynamics. 
Free energy calculations
The binding strengths of the Coh-Doc complexes were calculated using the potential of mean force 
(PMF) method, by means of umbrella sampling in steered molecular dynamics (SMD) simulations. A 
total of twelve complexes were modelled (Tab. S1, with the same nomenclature used as in the 
equilibrium simulations). The starting structures for SMD were generated from the final structure 
obtained after 500 ns from each equilibrium simulation, and the SMD cells were prepared using the 
following steps. 

















































































To ensure consistency in our simulations and allow direct comparisons between all twelve PMF 
profiles, the starting structures were all aligned in the same orientation before starting to pull the 
dockerin module away from the cohesin. Pulling was performed along the z-axis (the direction 
normal to the plane of the Coh-Doc interface) in a 10 ns SMD simulation with a pulling force 
constant of 2500 kJ/mol/nm2 and pulling rate of 0.5 nm/ns exerted on the dockerin. The dockerin 
was pulled 5 nm from its initial bound position. Comparable protocols were used by Cuendet38, 39, De 
Moura40 and Ruan41 to estimate the binding free energies of similar protein complexes. Structures 
generated from SMD simulations were then used to generate 20-30 0.1 nm-spaced windows for 
umbrella sampling. The reaction coordinate was chosen as the z-coordinate of the dockerin center of 
mass. In each window, the dockerin orientation in the xy-plane was restrained using the 
“angle_restraints_z” parameter in Gromacs topology to restrict rotation of the protein in the xy-
plane. A weak position restraint with force constant of 30 kJ/mol/nm2 was applied to the -carbon 
atoms of the cohesin module to avoid artificial torque when the dockerin is pulled away.  The free 
energy profiles were constructed using the weighted histogram analysis method (WHAM)42. All other 
SMD simulation parameters were kept exactly the same as described for the equilibrium 
simulations.
Results and Discussion 
Computed protein structure and dynamics
The type I cohesin from C. thermocellum folds into a nine-stranded beta-barrel with a hydrophobic 
core surrounded by three beta sheets. The dockerin module from C. thermocellum consists of two 
flexible α-helices (H1 and H3 in Fig. 1), bound to two calcium ions and connected by a linker that 
forms part of a small helix loop (H2). The X-ray structures of type I cohesin and dockerin complexes 
of mesophilic C. cellulolyticum and A. cellulolyticus present topologies similar to that of the C. 
thermocellum cohesin-dockerin complex. 

















































































The DSSP43 software tool was used to monitor the secondary structure evolution of all cohesin and 
dockerin modules throughout the 500ns simulations at four temperatures (300 K, 325 K, 350 K and 
400 K; Fig. S1). The structures of the Coh-Doc complexes of all three species and in both binding 
modes are preserved at 300 K, 325 K and 350 K (Fig. S2-S6). At 400 K, the simulations show 
disordering of dockerin modules in the Coh-Doc complexes of both mesophilic species, but the 
complex from C. thermocellum remains stable at 400 K. These results allow us to use the computed 
MD trajectories to learn how the thermophilic species produce thermostable Coh-Doc complexes 
and by extension thermostable cellulosome catalysts. Overall, it can be noted that cohesins are more 
ordered than their corresponding dockerin partners, with only a few flexible regions that are 
associated with loose end loops. The calculated MD structures reveal that all three α-helices (Fig. 1) 
in thermophilic ct dockerin are conserved at 400 K while mesophilic ac and cc dockerins were highly 
unstable at 400 K, due to unfolding of H2 which in turn interrupts alignment of H1 and H3. 
At the lower temperatures (300 K, 325 K and 350 K), all structures showed Root Mean Square 
Deviation (RMSD) values in backbone non-hydrogen atoms of less than 0.2 nm (Fig. S7-S9). At 400K, 
thermophilic Coh-Doc (ct) showed similar values (average RMSD of cohesin = 0.14  0.03 nm and 
dockerin = 0.13  0.04 nm) but RMSD of the mesophilic dockerin increased significantly (and hugely 
to 0.38  0.08 nm in the last 300 ns of the ac_400_I simulation). The computed relatively high 
structural stability of all cohesin modules (RMSD of ac cohesin is 0.15  0.03 nm and of cc cohesin is 
0.20  0.03 nm) even at elevated temperatures (350 K and 400 K) was expected.44, 45 The 
contrastingly high flexibility of the mesophilic dockerin modules indicate that its re-engineering 
could improve the thermal stability as well as affinity of the cohesin-dockerin complex.  Computed 
solvent accessible surface area (SASA) values (Fig. S10-S12) showed that the mesophilic cohesin 
module remains essentially unchanged while the corresponding dockerins undergo conformational 
disordering at 400 K which increases their SASA by up to 10% (Fig. S11).

















































































Calculated per-residue root mean square fluctuations (RMSF) identified highly flexible regions of the 
mesophilic dockerins (Fig. S13-S15) at 400K, in particular in the linker loop area H2 (ac dockerin 
residues 36 to 43 and cc dockerin residues 30 to 37). Cohesins, on the other hand, show less thermal 
sensitivity with only small changes in flexibility localized at loose end loops. We therefore speculate 
that efforts to improve thermal stability of mesophilic cohesin-dockerin complexes should focus on 
mutating specifically in the dockerin eight-residue H2 linker (Fig. S16). 
Computed cohesin-dockerin binding modes 
Hydrogen bonds are the main contributors to the binding affinity of most (non-hydrophobic) protein 
complexes. The H-bond data plotted in Figures S17-S22 shows that ~ 3-6 and ~ 8-10 hydrogen bonds 
stabilize the room temperature mesophilic and thermophilic Coh-Doc complexes, respectively. The 
thermophilic Coh-Doc interface contains more hydrogen bonds because it has more charged and 
polar groups on its active surface (in Fig. 2, thermophilic cohesin contains 2-4 more charged residues 
than mesophilic cohesins). To identify critical sites where the cohesin and dockerin modules couple 
via long-lived hydrogen bonds, the frequency of hydrogen bonds in each complex was computed 
over the last 200 ns of molecular dynamics. Those present at least 70% of the time were considered 
critical for the binding affinity.46, 47 Eight strong Coh-Doc hydrogen bonds formed in ct_I_300 and 
three of those residue pairs form salt bridges: Coh|Glu82-Arg54|Doc, Coh|Glu116-Arg24|Doc, 
Coh|Asp35-Arg24|Doc. In ct_II_300, there are ten H-bonds, three of which form salt-bridges: 
Coh|Glu82-Arg20|Doc, Coh|Asp83-Lys19|Doc, Coh|Glu116-Arg58|Doc. The binding site on the 
cohesin module was essentially the same in both binding modes and the crucial residues in ct 
cohesin are Asn33, Asp35, Tyr70, Glu82, Asp83, and Glu116. Re-orientation of the dockerin between 
binding modes I and II results in the formation of two different binding surfaces for dockerin and 
therefore different Doc residues are involved in binding. At elevated temperatures of 325 K, 350 K 
and 400 K, ct cohesin and dockerin remained stabilized by at least seven hydrogen bonds in both 
binding modes. 

















































































Mesophilic cc complexes presented two to three hydrogen bonds in each of the binding modes with 
only a single salt bridge, Coh|Lys137-Asp15|Doc in cc_II_300. The main hydrogen bond contributors 
on cc cohesin did not overlap in the two binding modes: crucial binding residues in cc_I_300 are 
Asn47, Ser85 and Gly128 and those in cc_II_300 are Tyr49, Ser85 and Lys137. In the second 
mesophilic Coh-Doc pair, ac_I_300 is bound by five main H-bonds, two of which form salt-bridges: 
Coh|Glu78-Arg22|Doc and Coh|Glu78-Arg58|Doc while ac_II_300 exhibits six hydrogen bonds 
including three salt-bridges Coh|Glu78-Arg22|Doc, Coh|Glu78-Arg58|Doc and Coh|Glu128-
Arg14|Doc. Before comparing with hydrogen bonding calculated at 400 K, it is worth emphasizing 
that the thermophilic Coh-Doc pairs present stronger hydrogen bond networks even at ambient 
temperature. 
As expected, the H-bond data for ct is noisier at higher temperatures (Fig. S17), but there is 
negligible change in number of hydrogen bonds between ct_300, ct_325, ct_350 and ct_400 
trajectories, suggesting that a large increase of up to 100 K in temperature does not significantly 
weaken thermophilic Coh-Doc binding. Estimation of interaction energies between the thermophilic 
cohesin and dockerin confirms that the rise in temperature has negligible effect on both van der 
Waals and electrostatic interactions (Fig. S23). The PMF results (Fig. 3), discussed in the next section 
also demonstrate that binding of thermophilic Coh-Doc remains strong at higher temperature, in 
contrast to mesophilic Coh-Doc pairs. 
Figures S18-S19 show that hydrogen bonding in mesophilic cohesin-dockerin complexes are strongly 
affected by rise in temperature, unlike the thermophilic complexes. The largest number of hydrogen 
bonds was observed at 325 K, in both mesophilic systems with approximately 4 and 9 hydrogen 
bonds in cc_325 (in binding mode I only) and ac_325 (in binding modes I and II) respectively. When 
the temperature is raised further (350K and 400K), the protein stability, in particular that of 
dockerin, was significantly reduced. As a result, a drop (up to 50%) in the number of hydrogen bonds 
was observed between cc cohesin and dockerin in cc_II_350 and cc_II_400. Similarly, electrostatic 

















































































interaction energies were noisier and decreased significantly in cc_350 and cc_400 compared to 
cc_300 and cc_325 (Fig. S23-S25) More in-depth hydrogen bonding analysis (Tab. S2-S7) reveals that 
new short-lived side chain hydrogen bonds have a disruptive effect on the primary hydrogen bonds 
that made the stable 300 K and 325 K Coh-Doc complexes in the mesophilic species.
Cohesin-dockerin binding free energies
Potential of Mean Force (PMF) simulations were used to model rupture of the Coh-Doc interfaces 
and so estimate the Coh-Doc binding free energies (Fig. 3). To aid comparison across all datasets, the 
position of the binding minima, in the graphs, was shifted so that the fully bound structure is at 0 
kcal mol-1. Dockerin detaches through a gradual loss in H-bonds with cohesin over a range of  1.5 
nm and the PMF plateaus when the dockerin module becomes fully solvated and completely 
dissociated from cohesin. While most PMF profiles for dockerin dissociation had similar shapes, the 
decay of interactions was slightly different in some cases, e.g., ct_I_400 decays faster and produces 
a steeper curve than ct_I_300 due to a slight alteration in the pathway (Fig. S26). This does not 
change the free energy calculations as the number of interactions to overcome are unchanged even 
if the pathway varies slightly. 
The PMF profiles show G values of 14.5 kcal mol-1 and 19 kcal mol-1 for the thermophilic Coh-Doc 
pairs in binding modes I and II, respectively, at 300K, which confirms that binding mode II is more 
favorable than binding mode I in ct_300 (which has four less H-bonds than ct_II_300). When the 
temperature is raised the G values of ct_I and ct_II are in the range of 17-20 kcal mol-1 and 20-25 
kcal mol-1 respectively. It is worth noting that the binding free energy of ct complexes, in both 
binding modes, slightly increased or remained unchanged with temperature. This is consistent with 
the observation that the number of hydrogen bonds in ct either increased slightly or remained 
unaffected when the system is heated to 325 K, 350 K and 400 K (Tab. S2-S3). A bootstrapping 
analysis of PMF profiles was performed to estimate the error in the binding free energy using three 
approaches: Bayesian histogram mixing, histogram mixing and trajectory. Figure S33 depicts error 

















































































bars obtained for ct_II at 325 and 350K using Bayesian histogram mixing (smallest error) and 
trajectory mixing (largest error). These error bars are representative of what was obtained for all the 
PMFs with an average error estimated by trajectory mixing of 1.6 kcal/mol.   
By contrast, the mesophilic systems show significantly weaker binding affinities at higher 
temperatures, except for ac_325. Coh-Doc binding in cc is reduced by 6 kcal mol-1 and 7 kcal mol-1 in 
binding modes I and II respectively compared with the ct values. Similarly, ac complexes show 
reduced binding energies, lower by 10 kcal mol-1 in both binding modes I and II. Temperature-
induced structural alterations in mesophilic dockerins disrupt the Coh-Doc H-bond network and 
reduce the strength of mesophilic Coh-Doc complexes. 
Re-engineering linker H2
Results from the wild-type cohesin-dockerin simulations suggest that in order to improve the 
thermal stability of mesophilic cohesin-dockerin complexes, efforts should be focused on mutating 
specifically in the dockerin fifteen-residue linker (Fig. S16) region. Hence, linker H2 in both ac and cc 
dockerins were substituted to linker H2 sequence from the thermophilic ct. Molecular dynamics 
simulations and analysis of mutated ac and cc cohesin-dockerin systems were performed in binding 
modes I and II. To examine whether the mutation induced any changes in the secondary structural 
elements of the dockerin during the 500 ns simulations, DSSP plots of the proteins were created. 
Figures S27-28 show that the main features (alpha-helices H1, H2 and H3) in mutated ac dockerin, 
are all preserved throughout the entire simulations at 300 K, 325 K and 350 K and in both binding 
modes. However, for ac_I_400, transformations from helical to turn or bend structures occur in the 
H2 region of the mutated dockerin. It must be noted that this flexibility in H2 of mutated ac dockerin 
is not evident in the corresponding cohesin-dockerin complex when bound in mode II. Figures S29-
30 illustrate that the mutations of the H2 segment in cc do not stabilise the dockerin but instead 
generate bends and turns along the middle section of the dockerin (H2 and connecting loop) 
throughout the simulations and even at temperatures as low as 325K. The computed structures 

















































































show that mutation of H2 and surrounding loops decreases the hydrogen bonding between H2-H1 
and H2-H3 compared with native cc dockerin.
RMSF distributions (Fig. S31) calculated for the mutated ac dockerin exhibit a similar distribution of 
fluctuations as that of the corresponding wildtype dockerin. Again, in binding mode II, mutated ac 
dockerin shows a slightly improved stability (at 400K) in the region spanning residues 38 to 42. 
However, in mutated cc systems, the dockerin structure is highly disordered with RMSF values of up 
to 0.6 nm (Fig. S32).  The magnitude of hydrogen bonding in the mutated complexes was compared 
with that of the corresponding native cohesin-dockerin systems in Figs. S21-22. The most striking 
effect is seen in mutated ac_II_400 where the elevated temperature made no difference to the 
hydrogen bonding between the cohesin and the dockerin (Fig. S21). This preservation of the ambient 
hydrogen bond network at 400K is linked to the improved structural stability, discussed above, of 
mutated ac dockerin module when bound in mode II. For cc mutant systems, highly flexible dockerin 
structures result in weak hydrogen bonding at the Coh-Doc interface (Fig. S22), particularly in 
binding mode I. Figure S34 shows however that the mutated dockerin structure remains stable at 
300K. At higher temperature, H2 reorients while the connecting coils adjust to the modifications 
introduced in the sequence, but the calcium ions remain tightly held as they follow the movements 
of the coils and the dockerin converges to a new stable conformation. 
Figure S35 shows the calculated binding free energy profiles between the mutated doc and native 
coh of cc at 300K and 400K. The binding free energy is substantially improved at 400 K for the 
mutant compared with WT (Fig. 3E) which eliminates the thermal sensitivity of the complex (G in 
the mutant is 20.0 kcal/mol at 400K and 18.5 kcal/mol at 300K). These findings are further supported 
by MMGBSA and MMPBSA calculations6. MMGBSA predicts binding free energies of 26 kcal/mol at 
300K and 42 kcal/mol at 400K. MMPBSA gives 33 kcal/mol at 300K and 50 kcal/mol at 400 K. This 
supports the protein re-engineering strategy we propose based on substituting helix H2 from 
thermophilic into mesophilic dockerins.


















































































In this work, a comparative study using MD simulations of cohesin-dockerin complexes from one 
thermophilic (Clostridium thermocellum) and two mesophilic cellulosomes (Acetivibrio cellulolyticus 
and Clostridium cellulolyticum) was reported in an attempt to elucidate the effect of temperature on 
the stability and binding affinity of each complex. 500 ns simulations of a range of solvated cohesin-
dockerin complexes were performed at 300K, 325K, 350K, and 400K. Results from these studies 
show that the structural features of mesophilic dockerins are strongly affected by rise in 
temperature. The linker region (H2) between alpha-helices H1 and H3 in the dockerin, becomes 
highly flexible at 400K, which destabilises the Coh-Doc hydrogen bonding network by up to 
60%. This is reflected in the absolute free energy of binding, estimated using potential of mean 
force (PMF) calculations. Higher temperatures of 350K and 400K lower the affinity between 
mesophilic cohesin and dockerins, but do not lower binding affinity in the corresponding 
thermophilic protein complexes.
Based on these results, we proposed mutations focussed along the H2 region in dockerin modules, 
as a possible structural stabilization approach for the mesophilic complexes, at elevated 
temperatures. The H2 region in ac and cc dockerins was replaced by the corresponding H2 in 
thermophilic ct. Simulations of the mutated protein complex systems reveal that this method of re-
engineering can potentially improve Coh-Doc binding affinities for mesophilic species, which should 
be amenable to experimental testing in the near future.


















































































Figure 1. The type I cohesin―dockerin complex from Clostridium thermocellum, in binding mode I 
(left) and binding mode II (right). Cartoon representation of the Coh-Doc structures were drawn 
using pymol software48 with the Doc unit coloured in rainbow scale progressing with the residue 
number to emphasize its rotation between the two binding modes. Dockerin helices are labeled as 
described in the text. The Coh is colored according to its secondary structure.
Figure 2. Charged (acidic in red and basic in blue) and polar (green) residues on the dockerin-binding 
face of cohesins from: A – ct (Clostridium thermocellum), B – cc (Clostridium cellulolyticum) and C – 
ac (Acetivibrio cellulolyticus). Dockerin binds on the top right corner of the cohesin beta sheet. 
Structures were drawn with VMD software49.

















































































Figure 3. PMF curves calculated for the unbinding of dockerin from the cohesin at four different 
temperatures, 300 K (blue lines), 325 K (green lines), 350 K (orange lines) and 400 K (red lines): A, B – 
ct in binding modes I and II, respectively; C, D – ac in binding modes I and II, respectively; and E, F – 
cc in binding modes I and II, respectively. The centre of the dockerin is at z = 0 nm, where ξ on the 
horizontal axis is the reaction coordinate which in the present study corresponds to the z component 
of the vector connecting the centers of mass of the cohesin and the dockerin The PMFs have been 
normalized so that the energy minimum lies at 0 kcal mol-1 where the vertical axis tracks the energy 
of the dissociation process from which we extract the coh-doc binding energy G.
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